This paper analyzes the impact of electricity storage on the production cost of a power system and the marginal cost of electricity (electricity price) using a unit commitment model. Also real world data has been analyzed to verify the effect of storage operation on the electricity price using econometric techniques. The unit commitment model found that the deployment of a storage system reduces the fuel cost of the power system but increases the average electricity price through its effect on the power system operation. However, the reduction in the production cost was found to be less than the increase in the consumer's cost of electricity resulting in a net increase in costs due to storage. Different storage and CO 2 price scenarios were investigated to study the sensitivity of these results. The regression analysis supports the unit commitment results and finds that the presence of storage increases average wholesale electricity prices for the case study system.
Introduction
The European Union has committed to reducing greenhouse gas emissions by increasing the share of renewable energy in the energy mix and increasing energy efficiency by 2020 (European Commission, 2006 . In meeting these commitments, wind energy has attracted more attention than other renewable energy sources (RES) (i.e. tidal, wave, geothermal etc.) as it is currently considered to be the most economical renewable generation type.
As the role of RES increases in the power system, changes to the power system operation are required such as greater reserve capacity from conventional power plants to deal with unanticipated reductions in renewable energy generation (Doherty et al., 2005; Dany, 2001) . In order to accommodate the variability and uncertainty of wind generation, thermal generators are often required to operate on a sub-optimal regime which can impose additional cycling on these units (Denny and O'Malley, 2007) . Moreover, it requires increased network enforcement due to the wide and remote geographic dispersion of wind farms.
Therefore, the use of electricity storage systems, which store electric energy in terms of water in elevated reservoirs or compressed air in underground caverns etc., are attracting more attention in a bid to increase renewable energy penetrations (McDowall, 2006; Weis and Ilinc, 2008) . Such systems are able to provide fast startups and rampings, thus allowing the power system to offset the impact of renewable energy generation (Brown and Lopes, 2008; Zeng et al., 2006; Abbey and Joós, 2007; Li and Joós, 2007; Carton and Olabi, 2010) . The integration of storage in weak networks with an intermittent energy source improves power quality and reduces the cost of electricity significantly . Korpaas et al. (2003a) ; Benitez et al. (2008) found that the deployment of storage reduces the need for generating capacity. Also, it may decrease the wind curtailment and shift off-peak wind power output to the peak hours. However, large scale storage units are site specific and capital intensive (Susan and Hassenzahl, 2003; EPRI, Palo Alto, 2003; EPRI, 2004) .
It has been shown that optimally sized electricity storage could result in more economic operation of both wind farms and the storage itself by taking advantage of arbitrage, ancillary services, and transmission and balancing costs (Korpaas et al., 2003b; Castronuovo and Lopes, 2004; Leou, 2008; Greenblatt et al., 2007; Lund et al., 2009; Kaldellis et al., 2009; Zafirakis and Kaldellis, 2009; Sioshansi, 2011; Tuohy and O'Malley, 2011) . In addition, the distributed storage system has the potential to reduce the electricity cost of the household (Ahlert and Block, 2010) . The hydrogen storage concept has been studied from an investment perspective and it was found that the use of hydrogen storage for electricity generation is uneconomical (Taljan et al., 2008) . Nyamdash and Denny (2010) found that electricity storage is not viable if it is considered only from the perspective of the developer for 2007 Irish power system since the peak and off-peak price differentials are insufficient to cover round-trip efficiency losses. Storage benefits depend on the location of the storage, whether it is close to the transmission line or the utility and also the type of the system (Nieuwenhout et al., 2005) . Sioshansi (2010) shows that storage utilization depends on whether it is operated by the individual power plant, consumer or operated as a standalone unit. Troy et al. (2010) looked at the large scale storage benefits from the power system perspective.
From the perspective of the power system, storage benefits would be significant when failure occurs in the power system. However, most of the storage benefits, such as reduction of the variability of renewable generation, deferring of transmission and distribution investments, and capacity investments are case-specific. Benefits relating to the supply of ancillary services are also market specific.
One way of looking at the storage system from the perspective of society, which has received relatively little attention, is to estimate the effect of storage on the electricity price. In a purely theoretical framework, the operation of storage is able to decouple the load from the generation, and reduce the electricity cost for consumers (Crampes and Moreaux, 2010; Sioshansi et al., 2009; Weissensteiner et al., 2011) . However, this is challenging to explicitly examine, as the electricity price often consists of various elements and the methodology is not uniform through different markets. But, implicitly if storage can affect the average wholesale price of electricity generated, it is likely to have a similar effect on the end-use electricity price. Since electricity storage uses the electricity produced by power plants, the operation of the storage unit affects the economic dispatch of thermal power plants; hence the wholesale electricity price. Thus, the effect of storage on the power system operation and the electricity price is unlikely to be specific to the storage technology adopted but it will depend on the case system. This paper looks at large scale electricity storage, which is used to minimize the total cost of the power system, from a societal perspective. This is done by estimating the value of storage in terms of its effect on the wholesale electricity price for the case study system for various storage scenarios as well as estimating its effect on the total production cost of the power system. The WILMAR 1 (Wind Power Integration in Liberalized Electricity Markets) tool is used to model the unit commitment decisions. The impact of storage operation on the shadow price of electricity of the Irish Single Electricity Market is investigated econometrically.
The rest of the paper is organized as follows. Section 2 reviews the case system, scenarios, the unit commitment model and the econometric model. Section 3 shows the results, Section 4 presents the discussions and Section 5 concludes.
Methodology

Case study system and scenarios examined
The case study system is based on the 2009 Irish power system and the plant portfolio is adapted in the WILMAR tool to match the 2009 system. The maximum demand was 6467MW while the minimum demand was 1826MW in 2009 2 . The thermal capacity
1 The WILMAR planning tool is a unit commitment model that is being widely used in power system analysis (National Laboratory for Sustainable Energy, 2010; AIGS, 2008; European Wind Integration Study, 2010; Tuohy et al., 2009b) .
2 SEMO (2011) publishes the system load rather than the demand level. Therefore the proxy for the demand level is estimated by the following expression: Demandt = SystemLoadt +Importt −Exportt − StorageCharget. The system load includes the generations of all generating units including renewable generations in the Republic of Ireland and Northern Ireland.
consisted of coal, gas, oil and peat fired power plants. In total, 46 conventional power plants are modeled and they are summarized in Table 1 . The renewable capacity consists of an aggregated hydro unit and an aggregated wind farm in such a way that there is only one combined hydro and one combined wind unit. Renewable electricity generation has a priority dispatch in the Irish system meaning that generations from RES are given precedence when dispatch decisions are made (CER, 2008) . The maximum wind power output in 2009 was 1054MW. The largest conventional unit modeled has a maximum power capacity of 480MW (SEMO, 2011) . There is one interconnector in the Irish system and its import capacity is assumed to be 400MW while its export capacity is assumed to be 80MW. A simplified Great Britain power system with aggregated power plants is also assumed when modeling interconnector flows. There is one existing storage system in Ireland which is a pumped hydro system and it is currently utilized to minimize the overall production cost of the power system. The base-case scenario for the analysis is 'no-storage. This scenario assumes 0MW of installed storage capacity. Storage scenarios with 200MW, 400MW, 600MW and 800MW of installed capacities with an energy capacity of 5 hours are compared against the basecase scenario, in all cases replacing the existing pumped hydro system. Storage unit is assumed to be the power system asset; hence the power system operator decides when the storage unit should pump and generate 3 . The plant mix is not assumed to be affected by the addition of the storage unit to the power system (i.e. new storage units do not displace any thermal unit) as the storage unit is energy limited and is not the perfect substitute for conventional power plants (Walawalkar et al., 2007; Tuohy and O'Malley, 2011) .
The assumed fuel prices are shown in Table 1 . Fuel prices are assumed to remain constant throughout the year. A carbon price of e30/ton was assumed.
Unit commitment model
The WILMAR Planning Tool, which is a dynamic partial equilibrium model of the electricity sector, finds the economic dispatch of generating units over the optimization period based on the demand and wind forecasts. It takes into account power plant constraints, such as minimum downtime (the minimum time a unit must remain offline following shutdown), synchronization times (time taken to come online), minimum operating time (the minimum time a unit must spend online once synchronized), heat rate (efficiency of the generator) and ramp rates. The model has an hourly resolution, with planning being done for the next 36 hours on a rolling basis. The deterministic version of this tool, which assumes the perfect wind forecast, was used in this paper. Definition of the objective function and further details are given by Tuohy et al. (2009a) ; Troy et al. (2010) . The electricity price is determined by the marginal cost of an extra one MWh of electricity produced by the power system.
Storage is assumed to provide reserves (primary and secondary) to the power system. In the model, the storage unit is represented by a reservoir, with the inefficiencies associated with pumping and generating accounted for when filling the reservoir. The round-trip efficiency assumed (KWh produced divided by KWh stored) is 75%. When pumping, electricity used to pump is added to the system demand, and the amount being pumped is subtracted from primary and replacement reserve targets, as pumping can be stopped to reduce demand on the system. When generating, it is treated as any conventional unit. Both pumping and generating are subject to ramping and minimum and maximum capacity constraints, as any other unit. However, a pumped storage unit usually has a very high ramping rate, which when examined on an hourly resolution means that storage can go from full pumping capacity to full generating capacity in less than 1 hour. All units are assumed to serve one reservoir in order to avoid a situation where generation and pumping occurs at the same time for different units 4 . To ensure there is energy in the storage system at the end of the day, the minimum storage content level is accounted for.
Here we assume that the storage system is pumped hydro, however the same approach could be used to assess other types of storage units, such as battery, by simply using different round-trip efficiencies. No scheduled and forced outages are considered for generating units.
The Generic Algebraic Modeling System (GAMS) was used to solve the unit commitment problem using the mixed integer feature of the Cplex solver. For all the simulations in this study, the model is run with a duality gap of 0.01%.
While the WILMAR tool is not a perfect model of the actual market design (gross pool) of Ireland's electricity system, it is an appropriate proxy for the dispatch decisions within the marketplace.
Econometric estimations
End-use electricity prices do not tend to respond to power system shocks in the short run because end-use prices are usually based on the long run marginal cost of electricity production. However, wholesale prices would respond to any structural changes in the power system, which would in time feed into end-user prices (Friedman, 2009 ). Thus, examining the effect of storage on the wholesale electricity price would show the value of storage from the societal perspective. In an attempt to explore the impact of storage on the wholesale electricity price econometrically, the actual storage output level for the year 2009 was investigated. Since storage output levels are scheduled based on the demand level, RES generation and power 6 system operation, it was not possible to include it in the regression as an explanatory variable as it would result in perfect multicollinearity. Therefore, a proxy for storage operation that is not correlated with demand and wind level is required. The pumped hydro storage units in the Irish system were subject to number of scheduled outages in 2009 (EirGrid, 2009b,a,c,d) . Figure 1 shows the actual storage generation profile for each unit of storage system. It shows that the storage units were subject to a number of scheduled 5 and unscheduled outages (examples are marked by circles). The dispatch order of the conventional plants will be different when storage is available and the wholesale electricity price will thus change depending on storage availability when everything else is held constant i.e. demand level, wind speed, fuel and carbon prices.
The following regression model is estimated to examine the effect of storage interruption on the shadow price of electricity: ) is oil, gas, coal and carbon prices, ω t is the unobserved heterogeneity, and e t is the error term. Figure 2 shows the hourly average storage pumping profiles for different levels of storage capacity. It is shown that the storage was used to pump the water using surplus electricity of the power system throughout the night and day. The utilization rate was found to be considerably higher during the night than during the day. It was also found to increase as the available storage capacity increases while the utilization rate during the day does not change. This demonstrates that the storage is charged mostly by the off-peak generations of conventional power plants.
Results
WILMAR results: Storage operation
In terms of the storage hourly average generation profiles (Figure 3) , it was found that storage would only generate during the day and the total amount of generation was found to increase as the storage capacity increased.
Simulation results: Effect of storage on power system operation
If the dispatch decisions relating to the conventional power plants change depending on the availability of the storage capacity, the wholesale price set by those plants would be different depending on the availability of the storage unit. Therefore, the generation output from those plants during the night and during the day need to be looked at separately.
Theoretically, the deployment of storage should increase the generations of conventional power plants at night and decrease during the day. Although, when technical constraints of the power system are taken into account, the effect of storage may not be as expected. Figures 4(a) and 4(b) demonstrate the effect of storage capacity on the outputs of conventional power plants and the power flow through the interconnector during the night 6 . It shows that as storage capacity increased, total annual generation of baseload gas and coal plants increased by 2.8%-7.4% and 6.4%-11% respectively. The total net 6 Night time is defined as the hours between 11.00PM and 7.00AM inclusive.
(a) Total annual generation outputs (b) Change in total annual generations with respect to the base-case scenario. import level found to increase by 40%-72% compared to the base-case scenario. These increases in output are used to charge the storage units. During the night, the utilization of midmerit gas plants were found to be decreased by 60% with the addition of storage over the base-case. This is due to discrete constraints in the unit commitment model.
Since the storage unit reduces the demand at the peak hours, these units will not be needed later in the day, so are not switched on at night. In the absence of storage, the start-up time for these units requires them to be kept online over night. Similarly, a significant proportion of the generation of oil plants were found to be displaced. Total generations of peat plants were found to be reduced by approximately 40% initially as a result of storage deployment and increased as an additional storage capacity (200MW and 400MW) became available. Figure 5 demonstrates the utilization of conventional units and the interconnector during the day 7 . It shows that the total annual generation of baseload gas and coal plants were affected marginally while the total annual generation of midmerit gas plants fell by 43% when storage became available. This is due to the reduced net load at peak hours with increasing penetrations of storage. Moreover, when storage capacity was increased up to 800MW, annual generation of midmerit gas plants were reduced by 4%
for every 200MW increase in storage capacity. A similar effect persisted for the peat and oil fueled plants and their total annual generations were found to have fallen by 17%-54%
and 37%-79% respectively. Also, the cumulated annual net import level found to have increased by 16%-24%. It is due to the fact that the GB fuel cost is cheaper than the Irish fuel cost (Table 1) .
Therefore, the effect of storage capacity on power system operation was found to be as expected with few exceptions. It was found to increase the generations of baseload 7 Day time is defined as the hours between 8.00AM and 10.00PM inclusive.
gas, coal, peat plants and import levels during the night. Due to the fact that the storage system is able to provide reserves (primary, secondary and replacement), the need for midmerit gas, oil and peat plants online is reduced. Hence, the generation of midmerit gas, oil and peat plants was reduced during the night with the introduction of storage. This is in line with Troy et al. (2010) . Also, during the day, generation of coal plant was found to be increased because it was no longer required to hold spare capacity for the replacement reserve which was instead facilitated by storage units. With storage providing reserves and energy, the power system is able to maintain the security of supply.
Simulation results: The effect of storage on the simulated shadow price of electricity and the production cost
Since the economic dispatch decisions relating to the conventional power plants are affected due to the presence of storage, the corresponding fuel cost of the power system and the electricity price that has been set in the marketplace are likely to be affected.
Therefore, it is necessary to study the effect of storage on the total dispatch cost of the power system and the electricity price in order to explore the net cost or the benefit to the system. This approach would show the value of storage from the societal perspective.
Production cost
The results given in the previous subsection demonstrated that the generation output of the conventional plants are affected as storage capacity increases. Figure 6 shows the effects that the changes in the output of conventional power plants have on the total costs of the power system. As midmerit gas plants were found to be displaced (Figure 4 ) when storage was included initially, the load weighted average cost (LWAC) of electricity was found to decrease from approximately e34/MWh to e33/MWh at night.
However, as storage capacity increases above 200MW, the production cost increases slightly as generations of conventional power plants increase due to the additional nighttime demand from charging the storage units.
But, during the day, i.e. when storage is generating, the LWAC was found to reduce from e38/MWh to e35/MWh as storage capacity increased from 0MW to 800MW.
When night and day electricity generations are combined, the total cost of the power system was found to reduce as the slight increase in the cost at off-peak hour is not higher than the reduction in the cost during peak hours. This is in line with the existing literature (Tuohy and O'Malley, 2011) . 
System marginal price
Given the way in which the WILMAR tool sets the price, the reduction of the electricity cost due to the storage deployment would not necessarily reduce the electricity price.
This is because the WILMAR tool allocates the generation schedules for the power plants based on the economic dispatch, and sets the price of electricity equal to the marginal cost of the intraday balance equation (Tuohy et al., 2009a) . The marginal cost can be approximated according to how the generation of midmerit gas plants are affected as it is most likely that these plants would be the marginal power plants, i.e. would be dispatched to meet the change in electricity demand.
Therefore, the effect of storage on the wholesale price can be proxied by how storage affects the midmerit gas plants (marginal plants). Table 2 shows the number of hours midmerit gas plants were online throughout the year simulated, and fixed and variable fuel consumptions. Unit 1 has the lowest fixed cost while the Units 2 and 3 are next expensive units. If midmerit gas plants are categorized by their ability to ramp and start up (from hot, warm and cold states) according to Tuohy and O'Malley (2011) , Unit 1 is considered to be flexible while Units 2 and 3 are considered to be relatively inflexible.
Since, storage is able to provide more economic reserves and capacity, Unit 3, which has the highest fixed cost, was found to be displaced completely by the storage units. Also, it can be seen that the generation of Unit 1 was displaced as the storage capacity increased.
The number of online hours of Unit 2 were found to be increased slightly as Units 1 and 3 were displaced. Therefore the electricity prices are set by Unit 2 more often as storage capacity increases as it would, most likely, be the marginal plant. As shown by variable fuel consumption, once online, Unit 2 is the most expensive of the three units. no storage was considered, LWAP was found to have been approximately e42/MWh at night and e51/MWh during the day. As expected, the LWAP was found to increase at night as storage units are added.
As is shown in Table 7 , because the number of online hours of the flexible midmerit unit was reduced (Unit 1 and 3) due to the deployment of storage and resulted in the inflexible midmerit gas plant (Unit 2) being the marginal plant more often, higher prices are seen more often. Therefore, as storage capacity increases, electricity price was found to be increasing during the day as opposed to decreasing, according to the expectation.
The volatility of the system marginal price
According to how the WILMAR tool sets the electricity price, price volatility depends on whether fuel shifting or marginal plant changes occur more frequently as storage units are deployed. Since the participation of the flexible midmerit gas plant (Unit 1) was found to be reduced significantly, the electricity price is most likely to be set by the more inflexible and more expensive midmerit gas plant (Unit 2). Therefore, the deployment of storage units was found to stabilize the hourly electricity price even though electricity prices are set at higher level. This is shown through the reduction in the standard deviation of the electricity price from e10 to e6 at night and from e11 to e10 during the day (Figure 8 ).
Comparison of the savings in the consumer cost and the reduction in the production cost
In the case study system, the total generation of baseload units was found to be increased while the total generations of peaking and midmerit plants were reduced due to the deployment of electricity storage units. However, the total production cost was found to decrease, while equilibrium electricity price (LWAP) was found to increase due to storage. Therefore, total consumer and production costs are compared. The total consumer cost can be approximated by how much electricity supply companies pay in order to buy electricity from the marketplace since the end-use price is unknown.
where W holesaleP rice t is the system marginal price at hour t and T is the total number of hours in a simulation. Figure 9 shows the changes in production costs and consumers costs approximated by (2) due to storage deployment with respect to the base-case scenario. In terms of the production cost, a reduction of e4 million was achieved per annum when 200MW storage became available and this reduction was found to increase by e0.5 million as the installed storage capacity was increased by 200MW up to 800MW. The total reduction in the production cost was reached approximately e6 million per annum at 800MW. The consumer cost, on the other hand, was found to increase by approximately by e6 million per annum due to the deployment of storage initially. When storage capacity of 400MW was considered, the consumers cost was found to have been increased by a further e2 13 million while further additions of 200MW did not affect this significantly 8 .
Sensitivity analysis
In previous results it is assumed that the storage units can provide the power system with reserve capacity. When storage was assumed not to provide the reserve, initially its effect on the LWAP was found to be slightly smaller than the effect of the storage that provides reserve. As its installed capacity increases to 600MW and 800MW, the increase in LWAP was found to be higher than the case with conventional storage. This shows that when the effect of the reserve provided by the storage was excluded, the electricity price is still affected by the deployment of storage. From a fuel cost perspective, reductions in the cost of 1MWh of electricity were similar for all storage scenarios.
Also a CO 2 price of e60/tonne was considered as a sensitivity for the above analysis.
The effect of storage on the LWAP for the higher CO 2 price scenario was found to be significantly less pronounced than was the case with the lower CO 2 price scenario.
Moreover, the effect of deploying storage units on the LWAC is also shown to be slightly less pronounced when a higher carbon price was considered.
Econometric estimation 3.4.1. Data
Half-hourly ex-post wholesale prices, generation of pumped hydro units, conventional The existing pumped hydro unit in the SEM consist of 4 units with 73MW of installed capacity each and approximately 4 hours of energy capacity. In the SEM, unit commitment is scheduled every half hour, hence storage operation could change from pump mode to generation mode within an hour. The ex-post hourly electricity price is based on the market scheduling software run that is carried out four days after the delivery date and as such is able to utilize full sets of actual wind and load data with no forecast values (SEMO, 2011).
Since the SEM-O database contains only the system load which is the demand net of the wind output, the half-hourly demand profile is constructed from the generation, import and storage charging profiles:
where m is the total number of power plants, d t is the demand, q i t is the metered generation of power plant i at hour t, q st−pump t is storage pumping and q im t is the import from GB.
The daily spot prices 9 per barrel of oil, and tonne of gas, coal and carbon for 2009
were obtained from various global exchanges which were then converted into euro based on the daily exchange rates for the year. The summary statistics of the data employed is shown in Table 3 . Half hourly W holesaleP rice t ranged from e14.44-e350.43 while the estimated demand was found to range from 2082MW-6502MW 10 .
In the SEM, pumped hydro units are utilized daily by the market to balance the electricity demand and electricity supply. Therefore, based on Figure 1 , the storage unit is assumed to be interrupted if the total amount of electricity used to pump water or the electricity generated by the storage unit is less than 10MWh during one day. Dummy variables for storage interruptions D pump t and D generate t are estimated so that it takes the value of 1 if the storage unit is interrupted over the hours when pumping is most likely to occur (off-peak hours) and generation is most likely to occur (peak hours) respectively, or 0 if the storage unit is uninterrupted. The total number of interruptions are summarized by each storage unit in Table 4 . In this study, multiple time series regressions, specified by (1), are estimated to investigate the effect of interruptions in storage operations on the wholesale price. Electricity demand and the availability of wind for generation exhibits seasonality therefore, controls are included for each hour of the day, day of the week and months to control for the unobserved heterogeneity. Table 5 presents the results of regressions that investigate the effects of interruptions in storage operations while controlling for the main drivers of SMP such as demand, wind and the fuel spot prices of the previous day. While the power plants are required to bid continuously for 24 hours a day and 7 days a week, exchanges are closed over the weekend.
Actual effect of storage on the wholesale price
Thus, weekend observations are excluded from the regressions. The log of the wholesale price has been used as a dependent variable instead of the actual wholesale price. When autocorrelation and partial autocorrelation functions of the log of the wholesale price are examined, the AR(2) model found is to fit the data well, hence two lags of autoregressive and no moving average parts are included.
Regressions 1-4 in Table 5 explore the impact of interruptions in each storage unit on the log of the wholesale electricity price of electricity. The demand was found to have a positive effect on the wholesale electricity price as if demand increases a unit with higher fuel cost has to be dispatched in order to meet the demand, causing an increase in price. The effect of an increase in wind output was found to have a significant negative and nonlinear effect on the wholesale electricity price, as it would be displacing the outputs of several thermal units. The gas and oil prices found to have significant positive effects on the wholesale electricity price; this is most likely due to the fact that 64.3% of Ireland's installed capacity uses natural gas and oil (IAE, 2011) . But the coal price was found to have a negative and significant effect. Carbon price was found to have an insignificant positive effect on the wholesale price of electricity. Coefficients of these control variables were found to be stable across different regressions and in line with O'Mahony and Denny (2011) . Considerably high R 2 with significant explanatory variables implies that the model fits the data and is a good predictor of the wholesale electricity price.
The effects of interruptions in storage generation were found to have significant negative effects on the wholesale electricity price (except Unit 2). This is unexpected based on the theory but in line with results from the unit commitment simulations in previous sections. This is due to the fact that storage units contribute to the flexibility of the power system by providing ancillary services. When its ability to provide ancillary services are reduced, another thermal plant is likely to be dispatched in order to maintain the security of the system. Thermal units usually have minimum output levels, and the dispatch of the new thermal unit is likely to reduce the generation of the marginal unit;
hence the price set by the marginal plant is affected
When there is an interruption in the pumping of Unit 4, its effect was found to have an insignificant effect on the wholesale electricity price, while an interruption in Unit 2 was found have a negative and significant effect on the wholesale price of electricity.
Interruptions in Unit 1 and Unit 3 were found to have significant positive effects.
The robustness of the results presented in Regressions 1-4 of Table 5 are checked in Table 6 . Regression 5 includes dummy variables that take the value of 1 if there is at least one storage unit interrupted, and it is estimated for the storage pumping and generation.
Coefficients of these dummy variables show that interruptions in storage pumping and generation have negative and significant effects on the wholesale electricity price. Since the existing Turlough Hill pumped hydro units are identical, the dispatch of a single unit may not have a major impact on the power system, as long as the total output level of the storage system is not impacted. When one of the four units is interrupted, the remaining storage capacity would be able to cope with the system requirements.
When more than one unit is interrupted, the capacity remaining may not be able to provide the same service as the full storage capacity would provide. Therefore, the number of interrupted units at the same time has been included in the regression instead of the dummy variable for the interruption in a single unit (Regression 6). It was found that 2 units at most were interrupted at the same time for both storage pumping and generation. The number of interrupted units for storage pump mode has been found to have a significant negative effect on the wholesale electricity price. For generation, the number of interrupted units has been also found to have a significant negative effect on the wholesale electricity price. This supports the effect of storage generation on the log of wholesale electricity price which was found in Table 5 .
Based on the auxiliary regression with robust standard errors, serial correlation was not found to be present in Regressions 1-6. Since resulting test statistics are asymptotically appropriate, whether or not the errors have a constant variance, the regression results are considered to be accurate.
Discussion
In the Irish system, the actual price paid by electricity suppliers consists of two elements. The marginal price (as represented by the wholesale price in previous sections) and also an 'uplift' payment. This uplift payment compensates generator for start up costs. Table 2 shows the total number of online hours of the midmerit plants and, as storage capacity increases, the number of online hours of midmerit plants were found to have been reduced significantly. Thus, if associated startup/shutdown costs are reduced, the uplift payment should be reduced and the net price should be reduced as a result.
Therefore, the increase in the marginal price of electricity (Figure 10 ) due to storage operation may be offset by the reduction in uplift payments and fuel cost savings. However, this is beyond the scope of this paper. Also, as was shown in Figure 8 , the supply company's risk of buying electricity from the marketplace at high prices at peak hours is reduced; hence supply companies may reduce retail prices to consumers.
If the storage system is optimised in an attempt to displace the baseload power plants by the renewable energy generations, the total cost of the power system will reduce significantly. However, the equilibrium electricity price would not be affected as the price setting plants on the top of the merit order remain untouched.
When a high carbon cost scenario was considered, the effect of storage on the electricity price became less pronounced. In the scenario with even higher carbon prices, less efficient power plants would become uneconomic based on their carbon costs and would be displaced by renewable generation or more efficient plants with low operational costs.
In such cases, the deployment of storage units would benefit the system by utilizing efficient units more and displacing the remaining inefficient high-cost plants at peak hours.
This would achieve considerable fuel savings as well as potential price reductions.
To integrate the renewable energy into the generation mix securely, it is estimated that the Irish power system need to have the back-up capacity of approximately 80-95% (Meray, 2011) . Currently, the Irish electricity market rules requires the power system to carry 81% of the largest infeed online as a primary reserve and a secondary reserve (Eirgrid Transmission System Operator, 2010) to deal with the sudden reduction in generating capacity or increase in electricity demand. In the future, requirements forthe reserve and back-up capacity are expected to increase in the Irish electricity market and therefore, the back-up capacity for the non-dispatchable electricity sources would be more valuable than its energy supply (Poyry, 2011) .
In terms of the effect of utilizing storage units to store excess electricity, econometric estimations presented in Table 5 do not fully support simulation results presented in Figure 7 fully. This could be attributed to the fact that the power plant characteristics may not be exactly the same in the WILMAR tool and in the SEM.
It should be noted that the results discussed in this paper are the Irish case specific.
Therefore, it differs from the theoretical effect of storage on the equilibrium electricity price, which is shown in Crampes and Moreaux (2010) . Also, it does not reflect the market exactly when it is setting the electricity price. However, it provides a good proxy for the benefits of storage.
In future work, differentiated incremental heat rate slopes, which should be increasing with the level of outputs, should be considered in order to reflect better price and quantity pairs used in the SEM.
Conclusion
This paper investigated the impact of deploying storage units on the electricity price through its effect on the power system operations. It was found that the utilization of the storage system increases the generation of baseload plants and the net import level at off-peak hours, and displaces the generation of oil and midmerit gas plants at peak hours. Hence, a considerable reduction in production costs was achieved.
However, the simulated electricity price was found to increase as a result of deploying storage units because of its effect on the marginal plants. It was found that the savings in the fuel cost achieved was not able to justify the increased cost of electricity to consumers.
In the real world, storage generation was found to result in a higher wholesale electricity price. This partially supports the simulation results.
If all indirect storage effects (such as the effect on the uplift payment and reduction in price volatility) are considered, the increased consumer costs may be justified. Finally, at a high carbon price scenario, the effect of storage on the electricity price was found to be less pronounced.
